The article presents an experimental investigation of band-edge cathodoluminescence of CdZnSSe crystals that nucleated and grew in silicate glass melt during its production. We have studied Zn-rich red glass made for manufacture of seed beads in the 19th century and found it to contain CdZnSSe crystals. Due to colloidal staining using the CdZnSSe crystallites embedded in glass, glass makers were enabled to produce lustrous red glass that, as we presently know, manifests bright luminescence.
Introduction
Investigation of physical, especially optical properties of crystallites in glass, in particular in silicate glass, as well as the properties of the glass-crystallites composite as a whole, is a promising area of researches paving the way for numerous practical applications of such materials. Highly luminescent glasses forming due to the synthesis of luminescent crystallites directly in the process of glass melting are of special interest due to simplicity of their shaping and processing either using standard technologies of glassware making or using the technology of 3D printing [1] . For instance, glass films or fibres containing luminescent micro crystallites or nano-crystalline colloidal quantum dots may be promising materials for light-emitting devices. They may be useful in the lighting industry, say, for production light emitting diodes by rare-earthfree phosphor-in-glass technology [2] . Colloidal staining of glass using luminescent crystallites emitting visible light is also attractive for making artworks of glass [2, 3, 4, 5] or in the architecture [2] .
Among numerous crystalline compounds appropriate to formation of light emitting crystallites in glass, as well as other light emitting structures, wide-bandgap II-VI semiconductors based on Zn, Cd, Se and S attract maybe the highest attention due to the possibility to vary the band gap in a wide range from 3.8 to 1.74 eV by varying their composition and hence to move the peak of the exciton-related emission over the spectral range from ultraviolet (ZnS) to deep red (CdSe) [6, 7] . The advantage of usage of these substances is that ternary and quaternary compounds of these elements enable continuous tuning of the band gap by varying the composition, i.e the smooth tuning of the band-edge emission peak position. Synthesis of core-shell quantum dots with radial gradients of chemical composition is also possible on the basis of quaternary Cd x Zn 1−x S y Se 1−y compounds, which enables variation of the exciton peak position in the range from 500 to 610 nm depending on the dot composition [8, 9] . Ternary Cd x Zn 1−x Se nanocrystals also enable varying colour of highly efficient exciton luminescence from blue to deep red demonstrating high stability [10, 9] .
Mention also, that Cd x Zn 1−x S y Se 1−y thin films are known to be promising for utilization in quantum well lasers and solar cells [11, 12, 13, 14, 15] .
However, band-edge luminescence of CdZnSSe crystallites in glass as well as luminescence of the bulk CdZnSSe crystals, to our best knowledge, seems to be unstudied at present.
As far as art pigments are concerned, we have not found any mentioning of the CdZnSSe compound as a pigment in the literature including such exhaustive sources of data on pigments utilized in all areas of arts as "Artists' Pigments" [16] or "Pigment Compendium" [17] despite that cadmium sulphides, selenides or even ternary compounds basing on them, such as Cd x Zn 1−x S, CdS x Se 1−x , Cd x Hg 1−x S, were used in arts as pigments in the past and continue being employed at present.
Investigating glass corrosion in historical seed beads of the 19th century that often originates from crystalline inclusions synthesized in glass melt in the process of the glass production [18, 19, 20] , we have found out that Zn-rich red silicate glass made for manufacture of seed beads contains CdZnSSe crystals. Due to colloidal staining of glass the CdZnSSe crystallites embedded in glass allowed bead manufacturers to obtain bright red glass ( Fig. 1 ) demonstrating, as we have ascertained, intense exciton luminescence from CdZnSSe inclusions.
In this article, we present band edge cathodoluminescence (CL) spectra of CdZnSSe crystallites (Cd x Zn 1−x S y Se 1−y , x = y = 0.5) that nucleated and grew in glass melt during red bead glass manufacturing in the 19th century, determine the exciton emission energy and estimate the value of the band-gap width derivative (dE g /dT ) in the interval from 80 to 300 K in CdZnSSe bulk crystals. We also briefly discuss the possible ways of production of glass containing CdZnSSe crystallites in the 19th century. and backscattered (c) electrons at low vacuum; two pieces of red bead glass: the thicker one (d) and the thinner one (e); red clusters producing colloidal staining of glass are seen in the thinner sample (e) and close to the sharp edge of the thicker one (d).
Samples, Methods and Equipment

Sampling and Sample Preparation
Glass specimens-bead fragments and small pieces of crumbled beads ( All the samples were characterized using X-ray fluorescence analysis following the procedure described in Ref. [18] .
Methods and Equipment
The following equipment was used in the research.
Elemental compositions of glass was analysed using a M4 TORNADO X-ray fluorescence (XRF) microspectrometer (Bruker). Mira 3 XMU (Tescan Orsay Holding) scanning electron microscope (SEM) was employed for imaging of glass structure and elemental analysis. Mira 3 LMH (Tescan Orsay Holding) equipped with Nordlys Nano electron backscatter diffraction (EBSD) unit and AZtecHKL Advanced software (Oxford Instruments Nanoanalysis) was used for the structural analysis of crystallites in glass.
EDS X-MAX 50 (Oxford Instruments Nanoanalysis) energy dispersive X-ray spectrometers were used for elemental composition microanalysis and mapping.
Finally, micro cathodoluminescence (CL) was investigated both at room temperature and at liquid nitrogen temperature using MonoCL3 system (Gatan) mounted at JSM-7001F SEM (Jeol). 
Results
As a result of the composition and structure studies of turbid zinc-rich silicate glass of red seed beads (Fig. 1, Table 1 ) using SEM, we have found that it contains numerous sub-micron sized hexagonal crystallites (Fig. 2) , which have been identified using EDS and EBSD as CdZnSSe (hexagonal crystal system, P6 3 mc (186) space group; a = 4.052Å, c = 6.817Å) 1 [27] .
We mapped panchromatic CL of a number of samples of analogous red glass from different museum articles, as well as CL at different wavelengths at the same places on the samples, and found the CdZnSSe crystallites to exhibit intense CL peaked around 1 Inorganic Crystal Structure Database (ICSD) [22, 23, 24, 25, 26] Entry 43368. the wavelength of 610 nm, both at 300 and 80 K (Fig. 3 ).
Examples of CL spectra obtained from individual CdZnSSe crystallites at 300 and 80 K are plotted in Fig. 4 . We assign the intense bands peaked around 2.0 eV to exciton in CdZnSSe crystals; the weak bands peaked in the range from 3.1 to 3.2 eV may be tentatively assigned to amorphous ZnO dissolved in Zn-rich glass [28, 29, 30] . The latter bands are related to CL of glass surrounding the crystals. No pronounced temperature dependence of peak maxima was observed for crystals of CdZnSSe. At liquid nitrogen temperature, the CL bands top out in the range from about 2.02 to nearly 2.06 eV (the spectral line shown by curve 4 peak at 2.03 eV and the line depicted by curve 5 reaches its maximum at 2.055 eV).
We can estimate the value of (dE g /dT ) 300 K in the vicinity of 300 K form the maximum temperature shift of the band edge CL peak position. The obtained estimate is
Discussion
Exciton emission, band gap variation, comparison with films and quantum dots
Previously, the value of optical band gap of polycrystalline CdZnSSe was presented in Ref. [15] . In that research, cadmium zinc sulphoselenide films were prepared using chemical bath deposition on glass substrates. The film band gap estimated from light absorption spectra was shown to decrease due to annealing at the temperatures of 100, 300 and 500°C from 2.21 to 2.01 eV with the increase of annealing temperature in that work. According to measurements of the X-ray diffraction the polycrystalline films demonstrated pure hexagonal structure after annealing. The authors of that article explained such a behaviour of the band gap by the decrease in originally increased interatomic spacing in the crystal grains or by particle size enlargement and enhancement in crystallinity with increasing annealing temperature. This assumption looks plausible in the case of polycrystalline films on glass. However, we believe that shifts in the exciton CL band maxima, which we observe in CdZnSSe micro crystals encapsulated in glass that are studied in this work, cannot be explained by those factors. First of all we should take into account the level of knowledge and technology development in the mid 19th century when the studied glass samples were made. Evidently, no one of glass makers made any efforts to achieve high uniformity of crystalline properties, their perfection or strict adherence to stoichiometry at the time of production of glass that we study.
Moreover, no one knew their chemical composition or had an idea about the structure of the crystals. The inclusions grew in glass just like "wild" natural crystals in minerals.
Nevertheless, all the crystallites were synthesized in glass melt at similar conditions at high temperature, much higher than the annealing temperatures in Ref. [15] , certainly Unfortunately, the results of Refs.
[32] and [33] related to the band gap variations with x cannot explain the drastic difference in the band gap presented in those articles and the exciton peak position registered in this work. To explain it we can assume that this discrepancy is caused by the difference in the lattice parameters of the crystals synthesized in glass melt at high temperature and polycrystalline films deposited at much lower temperatures on glass substrates. The liquid environment, in which the initial components were dissolved, implies the higher miscibility of the elements during the synthesis and the enhanced homogeneity of the distribution of atoms in the resultant CdZnSSe micro precipitates. Strains that were likely present in grains constituted the CdZnSSe films on glass in Refs.
[32] and [33] should also be taken into consideration.
In the case of chemical synthesis of CdZnSSe micro crystals in glass melt, no or much less strains should be expected than in films deposited on glass, especially taking into account the absence of fractures in glass, which arose neither at the crystals nor far from them during the melt vitrification, glass cooling or during the further glass usage for more than a century. 3 The latter suggests that glass and likely the crystalline inclusions 3 Fractures usually arise in glass if it is highly stressed because of the presence of crystallites with the 10 are virtually unstrained.
Photoluminescence (PL) spectra resembling the spectra shown in Fig. 5 were obtained from Cd x Zn 1−x S y Se 1−y core/shell quantum dots with chemical composition gradients [8, 9] . Those chemically synthesized quantum dots had a zinc blende structure; their composition monotonically varied along the radii. By varying the initial precursor composition of the dots synthesis reaction the authors of Ref. [8] succeeded to control the exciton PL peak position of quantum dots shifting its maximum wavelength be- very high. Being encapsulated in glass the studied inclusions were kept for more than a century without any visible changes in their colour. They are highly luminescent. Additionally, Zn-rich glass, in which they are embedded, also demonstrates a very high stability; it is also highly resistant to the e-beam irradiation and atmospheric moisture.
Thus, composite materials based on micro and nanocrystallites of II-VI compounds embedded into silicate glass may find many technical applications in photonics.
CdZnSSe as glass pigment
As for pigments, as mentioned above, we failed to find any information concerning such applications of CdZnSSe. Ternary II-VI compounds-various Cd sulphoseletemperature linear expansion coefficients strongly different from that of glass like it takes place in turquoise glass containing crystalline inclusions of orthorhombic KSbOSiO 4 [18] . In that case crystallites should also be under the mechanical stress.
nides-providing orange and red shades have been used as art pigments since 1910 [16, 34, 35] . Presently, they are commercially available. Apart from that, CdSe 0.33 S 0.66 suspended in glass is used for staining red glass utilized for railway, marine and other signalling lights [16] . The data presented in this article, however, gives an evidence that CdZnSSe was employed already in the 19th century for staining glass used for manufacture of seed beads. It turned out that the process of its chemical synthesis in glass melt was developed already at that time that enabled producing brilliant glass of a lovely red tint. It is evident, however, that the process was found empirically since the chemical composition and structure of this colloidal pigment was undoubtedly unknown to glass makers.
CdZnSSe as phosphor in glass
It is evident from the above that CdZnSSe in zinc glass may serve as an efficient and stable light converter suitable for use, say, in light emitting diodes (LEDs) as a replacement for presently used silicone phosphors, i.e. they are promising as phosphor in glass (PiG) [2] especially taking into account the challenge in luminescent performances of
PiG that exists because of the lack of PiG emitting in red [36, 37] .
Recently, the authors of Ref. [36] ded into an ultra-low melting Sn-P-F-O glass together with YAG:Ce 3+ allowed one to obtain bright warm white LED with CCT of 3554 K [39] . Patterned PiG with separated red CASN:Eu 2+ and yellow YAG:Ce 3+ segments was obtained by screen-printing followed by low-temperature sintering [40] .
The given examples demonstrate the usage of rare-earth based phosphors for ob-taining efficient PiGs emitting in red. All of them require external synthesises of the phosphors followed by sintering in glass charge and low-temperature glass melting.
CdZnSSe crystallites in zinc glass are synthesized directly in the melt that is an evident advantage for the production on the commercial scale. In addition, the process of cadmium glass making is well developed and available at numerous glassworks throughout the world. All the components required for this process are commercially available including such compounds as CdS, CdSe, ZnO, ZnS or ZnSe. By varying the fractions of these components one can vary not only the glass tint but its colour from blue to red that is also attractive for producing light sources of different colours or tints of white.
Thus, we consider CdZnSSe-glass composite as a promising highly stable and temperature resistant PiG with tunable colour. 4 
On the synthesis of CdZnSSe crystallites in bead glass and the time of glass production
As we have already mentioned above, CdZnSSe crystals formed in glass melt at high temperature. However, it is unclear what initial components were added into the charge to obtain the CdZnSSe crystals.
ZnO was certainly used to make zinc glass. Although this compound has been known since antiquity, its production on an industrial scale and therefore the suppositional usage as a glass pigment might be started in 1845 in France and in the 1850s in other European countries (and the USA) [41] . Thus, the studied glass is unlikely to have been produced before those years.
An issue of the sources of Cd, Se and S is much more complicated.
Sulphur might be added as an individual substance. However, it seems more likely that it was added together with Cd in the form of CdS that was synthesized by GayLussac in 1818 and suggested as an artists' pigment by Stromeyer in 1819 [16] . Metallic Cd was being produced in Upper Silesia in 1829; but the commercial CdS pigment (cadmium yellow) has been produced since the mid-1840s [16] .
Despite the fact that selenium was discovered by Berzelius as an admixture of 4 It is also resistant to e-beam irradiation at least up to the energies of 30 keV.
13 sulphur in 1817, the usage of Se-based pigments, such as CdSe or Cd sulfoselenide,
had not been mentioned in the literature until 1892 when cadmium sulfoselenide was patented [16] . Cd sulfoselenide was commercialized only in 1910 [16] and the production of selenium red glass on its basis was reported in 1919 [42] . Kirkpatrick and Roberts synthesized two types of red glass-a soft-working zinc-alkali glass and a plate glass [42] . Batches for the first one contained ZnO, CdS and Se; those for the second one did not contain ZnO. The glass melting temperature was 1400°C and was never risen in a lehr or a glory hole in excess of this temperature (see Ref. [42] for the detailed description of the processes used and the glass colour at each production step).
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It is important to note that the glass colour considerably changed at different production steps due to thermal treatments at different temperatures and durations being only lightly tinged with colour at the early step and becoming deeper with successive heatings and coolings. It became deep red as a result of the complete set of treatments. The structure of these glasses is unknown to us. Yet, we can suppose taking into account the notes concerning the possible formation of some crystallites in glass found in the cited article that CdSSe crystals formed in the plate glass and CdZnSSe ones arose in the zinc-alkali glass although the resultant glass, according to the diagrams plotted in that article, was deeper red than glass studied by us that may be due to admixtures of different II-VI and other compounds dissolved in those glasses. The authors of that article remarked in the conclusion that the composition of such glasses had been known for a considerable length of time. Thus, following that remark we can assume that the recipes of similar selenium glasses might be known to bead makers of the 19th century.
The only issue is if they could obtain selenium in commercial quantities. According to Ref. [43] , selenium has been used in glass making since the end of the 19th century in Bohemia. So, it might have been utilized in making bead glass for the production of Bohemian "perles". More accurate dating of this glass is difficult. We know, however, that Se was being investigated in labs in the 1870s (e.g., by Smith in 1873 or by Adams and Day in 1876) when its photosensitivity was discovered by Smith [44] .
Hence, this substance might be available in commercial amounts already in the 1870s or the 1880s. Thus, it might have been employed for bead glass production since that time, and this allows us to attribute the studied glass beads to that time. This dating is confirmed by the attribution of the museum exhibits, from which the fragments of seed bead were obtained during the restoration-they are attributed to the second half of the 19th century when beads of deep red colour have appeared in beadworks [45, 46] . The dimensions of the beads also may be considered as evidences in favour of this dating:
the bead sizes are typical for the mid-19th century and less typical for the late 19th century but these seed beads are too small for the early 20th century.
Thus, we date the beginning of the manufacture of glass containing CdZnSSe crystalline inclusions of red pigment to the last quarter of the 19th century.
Note also that since Zn was contained by a large excess compared to Cd, S and Se in the glass melt during the synthesis of CdZnSSe crystals (Table 1) in red zinc glass is the thermodynamic product of the synthesis process in question.
Conclusion
In summary, we would like to emphasize the main statements of the article.
We have observed hexagonal crystallites of sub-micron sizes in 19th century Zn- Exciton CL of these crystals tops out in the range from 2.00 to 2.03 eV at room temperature and from 2.02 to 2.06 eV at liquid nitrogen temperature. Shifts of the band edge CL peak position in different crystallites are supposedly due to minor variations of stoichiometry of individual crystallites that lead to changes in the band gap width.
Finally, the temperature dependence of the band edge CL peak position is weak or even negligible in CdZnSSe crystals. We have estimated the value of (dE g /dT ) in the interval from 80 to 300 K; the obtained value ranges from 0 to −2.5 × 10 −4 eV/K.
It should be noted in conclusion that luminescent glass-crystal composites or ceramics based on Zn or Cd-rich silicate glasses, similar to that made in the 19th century and presented in this article, due to their optical properties and high stability may find numerous practical applications in photonics. Varying glass melt composition and crystal growth conditions to obtain crystallites of the required II-VI compound with the required sizes and in the required concentration, one can produce luminescent glasses with the required optical properties, which are easy to shape either using standard technologies of making optical parts or glassware or using the 3D printing technology [1] . The latter makes such materials attractive to be used also in arts and crafts. Cd x Zn 1−x S y Se 1−y -glass composites are promising as highly stable and temperature and e-beam resistant pigments in glass with the colours tunable from blue to red applicable for light conversion or as scintillators.
